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Study on the native defectsxin GaAs and Al,Ga, ,As grown under the various
conditions has been made, First,\é, model for desecribing the physical origins of
the EL2 center in GaAs is presented based on the kinetiec reaction equations and
ﬁhe analysis of electric-field enhanced emission rates for the four different
types of potential well, It has been shown that the %Fz center may be ascribed
to two different types of native defect: One level %% -0 83 eV) attributing to

hilul Ga - &"f‘u;:,»

the antisite defect, SGa ©F the antisite CIus%fciT’\G -As,_l is designated as the

EL2a electron trap, . and the other level —0 76 eV) attributing to the
SRS Tul G -
antisite-vacancy complex, <hsca'VAs is designated as the EL2b electron trap. The
EL2a electron trap was found to be strongly dependent on the growth condition,
€.8., [ASH?]/[TMGa] ratio, growth temperatufe growth rate kmainly at lower
growth rate) and buffer layer. Second, the final transition state of electron
emission from the DX center to the nonspherical conduction band minima in
Al&Ga?:lAs has been studied by capacitance~voltage measurement and Deep level
Transient Spectroscopy éxperiment. The results indicate that the conduction band
minimum associated with the electron emission is the L band instead of the
band which is the lowest conduection band, Analysis of the electric-field
enhanced emission rate applied to the Coulombic and Yukawa potential well has
further supported the fact that emission and capture of electron from the DX

center is related to the L minimum in the conduction band
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CHAPTER I
INTRODUCTION

Lt
B

Wy

WAy

..' N S,

VY
A

A study of deep level defects in semiconductors is extremely
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- device performance. For electronic devices, the deep level defects
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could increase the leakage_current and reduce the gain of transistors,
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[ For photonic devices, nonradiative deep centers act as a lifetime
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Thus, the origins of defects must be investigated in order to control
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the defects and improve the device performance,

]
'I

The native point defects and grown-in defects are frequently ~

present in III-V compounds in the 1015- 1016 cm"3 concentration range,
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Up to now, however, no clear identification has been made. This might
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vacancies and interstitials, certain kinds of defect complexes also
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exist especially in binary and ternary compound materials, et
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Furthermore, it has been shown that these ki. is of defects are o
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strongly dependent on the growth techniques and growth conditions. D
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The purpose of this report is to perform a detailed analysis of
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the grown-in defects in GaAs and Al,Ga,_,As which is essential for B
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optimization of material growth by various techniques under different At

re”
F A
’,

growth condition. The main objectives of this study are e
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» (1) To derive a theoretical model of the EL2 center in GaAs N
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grown by MOCVD and VPE, based on the analysis of kinetic "4-"2

\.:’ reaction equations and electric field enhanced emission EE‘::\-Z

~ rates, in order to identify the physical origins, the type .-_\.*.

!‘ of potential well and the charge state; ;\:j

(2) to make a correlation of depth profile for the dominant :\:z‘:

R deep-level defects to various growth parameters (mole i';:‘“'"\
;: fraction of trimethylgallium to arsine, growth temperature,

growth rate) in MOCVD grown multiepilayer GaAs;

g i (3) to identify the final transition state of electron emission i""" )
) (capture) associated with nonspherical conduction band c_:\::'?_
e minima for the DX center in Al,Ga,_,As, and to predict its :1:3’
PRk

potential well and charge state. ?"'\;

|l
Sl
AV

, Chapter II reviews the native defects and complexes in GaAs and *_:'. NN
! FESR AN
' - !:\4' )\‘
A Al,Ga;_,As, emphasizing the EL2 center and the DX center. In Chapter ;\.:,’:.;s.
S N
‘l . 111, the preparation of GaAs and Al,Ga) ,As specimens grown by varjous ff‘\:-.
EOEMA
_ ! techniques under different growth condition, and the experimental :'::-::';-
- RO
; .. details are described. Experimental tools used in this study include v -;:‘.'.:
J ' s
Py i _.$\.r «*,
[ - the current-voltage, capacitance-voltage, a. c. admittance, thermally ) R
e 3
NP
! - stimulated capacitance and deep level transient spectroscopy -:.:f':;\'
, . O CRAN
' neasurements. Chapter IV develops a theoretical model for the physical IRSGNAN
Y ‘.\'.-.._\
e : . . . tALY
! ; origins of the EL2 center in GaAs and a prediction of the final U:"
l : . &8
Ve transition state of electron emission and capture from the DX center :'_:__:f:
A :.{.G.\ -
- : . . At
E e in Al ,Ga;_,As. In addition, an analysis of the electric field enhanced :.;::E:j
%Y
) . 0
‘ - emission rates for the both kinds of defect center is made to f.‘;.-‘.‘j
o Ld -
[ . P
determine the type of potential well and charge state. In Chapter V, IOADA
- ’ “;-I__':
o the physical origins of the EL2 center and the nature of electron .',::‘_:j::
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theoretical and experimental results. Study of the grown-in defects in

23 Ah

multi-epilayer GaAs (with/without a buffer layer) grown by MOCVD under

different [AsH3]/[TMGa] ratios, growth temperatures and growth rates

Summary and conclusions are given in

is depicted in Chapter VI.
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CHAPTER 11
REVIEW OF NATIVE DEFECTS AND COMPLEXES
IN GALLIUM ARSENIDE AND ALUMINUM GALLIUM ARSENIDE
There are a number of possible native defects and complexes in
binary and ternary compound semiconductors such as GaAs and Al,Gay_
xAs. In addition to these native defects, impurity atoms and the
complexes of native defects may also be expected when impurity atoms
are incorporated, as is shown in table 2.1. In this study, attention

will be focused on the key point defects such as the EL2 center in

GaAs and the DX center in Al,Ga;_,As which play an important role in

determining the electrical properties of these materials.
Unfortunately, these defects are somewhat uncontrollable, and have not

been identified with any confidence.

2.,1. Gallium Arsenide

A survey of the literature [1-15] on the subject of defects in
GaAs grown by various techniques has shown that only a few electron
and hole traps are common point defects observed in both the bulk and
epitaxial layer. Among them, the EL2 level with activation energy
ranging from E_.-0.75 eV to E_-0.83 eV is the dominant midgap electron
trap in GaAs. This trap bas been observed in GaAs grown by Bridgmann,
liquid phase encapsulation (LEC), vapor phase epitaxy (VPE), and
metalorganic chemical vapor deposition (MOCVD) techniques as well as

in high temperature heat-treated GaAs specimen. In earlier study,
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% Table.2.1. Parametric identificationof defectsintheGaAs and .: ::
W AlGaAs. A
L F- lf\l-.
. L e,
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=
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- - = '_m
Type of Experiment Defect Reference T
L
E? L. . O
¢ N Variation of Electron Trap in VPE GaAs (1112] N
X Growth Condition s
I Electron Trap in LPE GaAs (3] ﬂ\ﬁ
b .
RS . TE
o 8 Electron Trap in MOCVD GaAs [4] (5]
;: :4 Change of Dopant DX Center in AlGalAs [16] [17] '_:
- o
:j Composi tional Electron Irrad. and Native "
SR Variation in Defect in LPE AlGaAs (18] AN
. :- .
Dy o - Ternary Compounds
- Luminescent center in AlGaAs (19} et
R I
-" . . {.{:
N ~ Hydrostatic Pressure Electron Trap in GaAs {6] el
d A : ';-.::\
A DX Center in AlGaAs (18] PN
-~ X
~ ‘ Orientation-dependent Electron Irrad. Defect “ s
-~ Defect Production in GaAs [8] N
A -
F O oY
O Energy of Electron Irrad. Defect N
o Incidental Electron in GaAs (7] :j.‘-’_‘
_ L Anisotrpic e
Cold Ionization Electron Trap in GaAs (20] ;'.-:'.-
-~ o
- Ry
e \:_\ Y
o : ~
Loy
y i
~ o
- -:\‘.
N “u N
D '\ ~"«,~'
, & =
= By
A o
4 ('.v \:,\'
A 5
. N
o, "
. f’.’ ;.'.‘
y B
R b
~ Gy
., N .q'_"‘
. RN
& : 4
. e NN
N AN
‘\‘}\' \.')s", e ‘. ‘\‘,\:‘\:_:.' .‘,..:.":’ o, "‘,':’.-"-'“:r":'l'\:-"“- -.;.:_:_-‘_-;’\"_‘\" ;.:...;.~_;.-.".-.‘.-.:_~.:’_-.‘.-_‘.-_'I-_._«.'.A:.:_:_:_~.:‘-.:.-.:_-.:‘\;_\:.-.' ~ 4.'_\;_\_:.‘..'.;.“;.:.\._*.‘_.\




_____ VTN WA D

90’

gy

Lagowski et al.[9] proposed that the EL2 level was due to an arsenic
;z antisite (AsGa++) defect on the basis of the effect of melt

stoichiometry and the shallow donor impurities on the EL2 level
concentration. This was further supported by the EPR and IR optical
absorption measurements (10]. Watanabe et al.[11] suggested that
there were two kinds of EL2 center in MOCVD grown GaAs epilayers. One
is the E_-0.83 eV (EL2a) level consisting of a Ga vacancy, an As

antisite defect or its complex for the specimen grown at 720 to 740

2 °C. The other is the E.-0.76 eV (EL2b) level consisting of a Ga

- vacancy, an interstitial As or its complex for GaAs grown at 630 to

s

% 660°C.

i Recently, by the optically detected electron nuclear double
resonance (ODENDOR) measurements, Meyer et al.[12] reported that the

': EL2 defects were complexes of nearby As antisite defects, possibly

involving other impurities. Furthermore, it has been shown that, in

oxygen-doped or -implanted GaAs, there was another midgap electron

~, trap (ELO or EL20) having the same characteristics of emission rate
~

LA
[ RID
<
»

versus temperature as that of the EL2 level, but having different

* value of electron capture cross section and optical properties.
. NON
. Lagowski et al.[13] found that the electron capture cross section of E"
;-,', the ELO level is about four times larger than that of the EL2 level by .Y‘
: resolving the DLTS spectrum of oxygen-doped GaAs, and suggested that "?:\::
~ its origin could be an oxygen impurity atom in the arsenic site., In EZ\EE
:: the optjcal transition from the stable state to the metastable state, ;:’\'
) Taniguchi et al.[14] also made a distinction between the EL20 level in \:\_
" . RN
::’,': oxygen-implanted LPE GaAs and the EL2 level in GaAs material grown by :-\
. T
. LBk
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various techniques. The above results strongly suggest that the EL2

center in GaAs may be attributed to more than two different types of
native point defects with very close activation energies (so called, a
EL2 family) {15]. Therefore, it is difficult to pin-point exactly

what are the physical origins of the EL2 center.

2.2, Aluminum Gallium Arsenide

Al,Ga;_,As, an important alloy system in the field of high-speed
and opto-electronic devices is known to have a characteristic deep
state, known as the DX center, in addition to other native defects,
when the shallow donor impurities are incorporated with the native
defect, as is shown in table 2.2, Among the unusual electrical and
optical properties of the DX center, the most significant features are
the large lattice relaxation conformed by observation of an abnormally
large Stoke's shift resulting in persistent photoconductivity, the
temperature dependent capture cross section for the electron, and the
very high concentration comparable to that of incorporated dopant
impurijties.

To explain the extremely iarge lattice relaxation, Lang and Logan
{16] have assumed that there is a defect state which is resonant with
conduction band before the capture of an electron, but which relaxes
to a point nearly 6.8 eV deep in the forbidden energy gap after the
capture of an electron. In other word, the defect wave function has
been treated as a sufficiently localized one, even when it is resonant
in the continuum states of the band, to produce a very substantial

lattice relaxation, i.e., non-effective-mass-1like. Since any defect
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Table 2.2. Electron traps in n-type AlGaAs. ‘\\

o

PR
Activation Growth Method Remark Reference m
Energy (eV) i .
r;.i,‘j
E.~0.19 LPE DX (Sn) (16] Y
.18 MBE [21] N2l
9.21 LPE DX (Sn) (17] AV
@.25 MOCVD (22] : §
9.28 LPE,MOCVD DX(S,Se,Te)  [16][17) iy
g.31 MBE [21] N,
0.32 MOCVD DX (Te) [23] R
8.33 MOCVD DX (Ge) (17] P
.35 MOCVD . _ [22] RO
0.38 MOCVD (24] N
0.40 MBE DX (Si) (21] [25] o
.43 LPE,MOCVD DX (Si , Te) (16] [17] 1:’
.45 MOCVD (22] A
.47 MBE DX (Si) [29) RS
g.51 MBE (21] ey
0.54 Be Implanted DX (Be) (26] N
9.62 MOCVD (24] (27] ==ty
8.63 MBE [21) AR
0.66 MOCVD (22] PO
g.71 MBE [21] AN
8.77 MBE [27) BN
.82 MOCVD [22] [24] £ X
@.94 . Neutron induced (28] o
1.22 MBE [27] :""‘T\,.\ )
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resonance has a delocalized Bloch-wave component in its wave function

';;.: in addition to a localized component, they have defined a localized E:;%
" resonant state to be one in which the corresponding electronic charge E‘-‘-’

Lo
_’;\' density is predominantly found in the immediate vicinity of the ;Z‘-f:f—‘
. T
. defect. In this view of deep levels, a strong lattice relaxation of -
oy

the DX center has been explained as originated from a resonant state,

center in AlGaAs (the appearance at a critical pressure and its high :

;-'} such as the unoccupied DX center. On the basis of non-effective-mass ’:':E

: theory, therefore, Lang and Logan have proposed a model in which the ,.:5

J'.- «

E__‘ microstructure of DX-like center is a complex involving a donor :j‘:

- impurity and an anion vacancy. E-:

::‘-.' It is known that, under pressure, an energy band configuration of ::::EE:

E GaAs with respect to TI', L and X minima becomes similar to that of r*{

AlGaAs alloy system, even without introducing any Al atom, For that v‘._

SN

: : reason, Mizuta et al. [18] have studied the DLTS spectra of GaAs {E:

under hydrostatic pressure and AlGaAs doped with Si, Se or Sn, in ’.—‘\‘:

o order to verify the interaction between the conduction band and the E:

b electronic state of the DX center, They observed that the features of :

v the pressure-induced electron trap in GaAs, appeared at a critical ;:_

?: pressure with a high concentration, are analogous to those of the DX S
~ oo

A

A

concentration). The change of thermal activation energy in Si-doped

N GaAs from 8.1 eV under normal condition to 8.3 eV under pressure has :
. indicated that the observed trap has a characteristic of large \:
': lattice relaxation, Moreover, the fact that 100% of the incorporated _‘:_«
._ Si in GaAs acts as shallow donors and that the free carriers are :

o »
3

.
’u

»

.xll_l .

. freezed out just below the temperature where the DLTS signal appears
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are strongly suggestive that the trap itself is a source of free , e

N

2 R S A
rE*
i

carriers. Therefore, Mizuta et al, have concluded that a shallow donor RO

>
X

oo
. "E?
. 2%

level due to a substitutional donor atom in GaAs becomes deep and

s
A

>

L4

s behaves as the DX center when pressure higher than about 24 Kbars is R
: -
‘D

applied or when Al atoms fraction more than 24% are incorporated. As

to the nature and origin of the DX center, even though a considerable

A
»
)

effort has been devoted to identify the physical origin of this o

o
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8
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)
g

"
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center, there still remains a serious discrepancy to be solved.
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CHAPTER III
EXPERIMENTAL PROCEDURE

Samples of GaAs and Al,Ga;_,As grown by MOCVD technique under
o different growth conditions are studied by using current-voltage (I-
V), capacitance-voltage (C-V), a.c. admijttance, thermally stimulated

capacitance (TSCAP), and deep level transient spectroscopy (DLTS)

measurements, From these_measurements, one can determine the
"v

Q . electrical characteristics as well as the defect parameters such as
. energy levels, defect densities, temperature dependent capture cross

sections, and nature of emission and capture of an electron from deep

'E‘ level traps associated with the conduction band minima in both
materials.

'-"-.' 3.1. Sample Preparation

E GaAs speciméns of multi-epilayer structures were grown by 1l

r atm. MOCVD under H, ambient. The crystal orientation was <1060> tilted $"4\§_
_,.: 2° toward <116>. The epilayers were grown by altering the growth -a:i"‘i
< condition in a stepwise fashion. The [AsH3]/[TMGa] ratio was vazied T‘f'
IX from 2.2 to 33; the growth temperature was varied hetween 580 to :“\
:; 675 °C, and the growth rate was fixed at ©.07 and @.14 um/min., f;
. Samples OM-2-295, -296, and -309 were grown directly on the undoped ‘7-?
o s

" semi-insulating (S.I.) GaAs substrate, whereas samples OM-2-310, -

MR

312, and -367B were grown with a 6 um thick buffer layer on top of

" | 11 -

Y

l-- \'
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the S.I. GaAs substrate. The epilayer in sample OM-2-367B was

grown for shorter times, and consequently was thinner than the

s

rest of the samples studied. Moreover, the buffer layer for this

5

sample was not completely compensated as in the other samples.

oy @ ld e S es o gt S det st e s G
.
e -

s Table 3.1 summarizes the growth parameters for the six MOCVD grown

. samples used in this study. The unintentionally doped GaAs epilayers

:’ grown under As-rich condition were n-type with net doping densities

‘ ranging from lleM to 6x10]'5-c:m'3 depending on the growth conditions. ..

>, e

b The electrical properties and deep level defects are determined using F;_‘;‘
i Au-GaAs Schottky barrier structure. ::‘,":.;,_
Y .

2,
X%

s
.

Al,Ga;_,As specimens undoped or doped with Si, Sn, Be and Ge were

)
A
XX

|
-,
R
fr
L]
r

grown by MOCVD and LPE technique under different growth condition,

S N
Y ."‘ N

as is shown in table 3.2. The V/III ratio was around 20, while the Al

n."
'.
B

\l
e

N composition ratios were varied from 30 to 41 %. The growth

Vs
or

temperature was ranged from 650 to 800 Oc for the purpose of

D
a

analysizing the temperature dependent grown-in defects. Structures of

o p~n junction and Schottky barrier on the n-type GaAs substrate of

s
"

<100> or <111> crystal orientation were used in this study. Whereas v

B epilayers of Be- or Ge-doped AlGaAs were p-type, epilayers of undoped, \\f.

ERARAE A

i _ : . . .-._'-._:\

- Si- or Sn doped Al,Ga;_,As were n-type with net doping concentrations KRS

4 ranging from 3x1816 to 2x1018 em™3, _alin |

YA

- N

3.2. Current-Voltage Measurement .:::::.;:

_. l' Ny, -

_1'._!'\'.

. Measurements of the current-voltage (I-V) characteristics under l'}:’.':

‘-. . . N >'. R W]

: forward bias condition yield useful information concerning the PR

. . \ . . ‘.-:".:\'.-‘.

- conduction mechanisms, recombination processes in the space charge
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region of a p-n junction diode or a Schottky barrier diode. For a good
p-n diode with no surface leakage, the total current is composed of
the diffusion current in the quasi-neutral region (QNR). When bulk

diffusion current component dominates, the current expression is given

by
If = Id[eXP(Va/Vt) - 1] (3.1)

where V, is the applied voltage; Vp =kT/q, and 14 is the magnitude of

the saturation diffusion current,

Ia = a 052 (Oy/LN,) + (Oy/LNg)] (3.2)

where n; is the intrinsic carrier density; A is the diocde area; Dp
(Dp) is the diffusion constant for electrons (holes); L, (Lp) is the
diffusion length for the electrons (holes), and N, (Nd) is the

acceptor (donor) density. If bulk generation-recombination current

dominates, then the current is expressed hy
Ip = Iy exp(Vy/2Vyg) (3.3)
where Irg is the magnitude of generation-recombination current.
Irg = q an/ZTe (3.4)

In Eqn.(3.4), W denotes the depletion layer width;t, = ( TnTp)l/z is

the effective carrier lifetime in the space charge regijon; Th (Tp) is

the lifetime of electrons (holes), defined by

Ty = 1/(Ny 0p<vgy) (3.5)
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x . . . . S
where Ny is the trap density; o, ( op) is the capture cross section :i‘:j:

‘a, \-.:~,\

:: for electrons (holes); <vy,> is the average thermal velocity. B

The total current can be expressed hy ’:.’--,.~.,.

* Y

o~ i:f:::f-

. I = Ig + I, = I, exp(V,/nkT) (3.6) _:‘,’f,.

@ .

l{'

{
h

where I, is the saturation current; n is the ideality factor of a p-n

.
e
- ral
-; junction diode which is usually used to identify the dominant current :‘-:'_
) component in a p-n diode. Inspection of Egns.(3.1) and (3.3) shows ‘...3
) PR Sl
2 that the bulk diffusion current depends more strongly on temperature !:‘
RO
" than the recombination current in the SCR. Since the recombination DR
’a s
. current in the SCR is inversely proportional to the effective carrier ;‘;
r.‘ -
'i lifetimes (and hence directly related to the defect density in the L\_,.
SRt
transition region), measurements of I-V characteristics under forward Cf:
:<'-. : -
N bias condition would allow one to determine the effective lifetimes of ".;Q
.J‘_
. a given material. - E .
.. 3.3. Capacitance~Voltage Measurement
o
e The capacitance-voltage measurement can be used to determine the
Erd background doping concentration in the n- or p-type material using a
"A
A .
Schottky barrier structure or a one sided abrupt p+—n (or n+-p)
;df junction., The depletion capacitance across the Schottky barrier diode
. is given by r\.-
:;' f::-’
> A
o
CVy) = eAM = Alq egNg/[2(05+V, -kT/q) ]} 1/2 (3.7) N
-“ '1t
\a L
\ REATAE
where € is the dielectric constant of given material; ®; is the - J
e . . '..‘:'.:;4
+ built-in potentijal, and V, is the applied reverse voltage. Eqn.(3.7) \:.\j.j
| - A
. -
S

P
)
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shows that the depletion capacitance of a Schottky diode is
proportjonal to the square root of dopant c ncentration and inversely
proportional to the square root of the applied voltage, If the inverse
of the capacitance square (C'z) is plotted as a function of the
reverse bias voltage V,r then the background concentration can be

calculated from the slope of ™2 versus V, using the following

expression
2w, = (2/0q A2NQ1(8 + V) (3.8)
Vr s™ °d 3 r .

The intercept of C'2 versus V, plot in the voltage axis yields values

of ¢ which is related to the barrjer height of a Schottky diode by

®pn = 9 tV, tkT/q - A%, (3.9)
where
Vh = Eq - (kT/q) ln(Nd/Nc) (3.19)

and A%; is the image lowering potential of a Schottky diode; N, is

the effective density of states in the conduction band.

3.4. A.C. Admittance Measurement
By measuring the conductance and susceptance as a function of
frequency, one can evaluate each component of the equivalent circuit
of a p-n junctijon diode [30]. It can be shown that in the frequency
range from 0.11 to 700 MHz, a p-n junction diode can be described by
a discrete 3 element circuit consisting of a series resjstance Ry, a

parallel resistance Rp and a junction capacitance C, The impedance of
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the equivalent circuit is given by

w4

'*'

o

Z(w) = Rg + (Ry/3wCl/IR; + 1/3uC]

% = 2) (W) + Zy(W) (3.11)
X where

e

i'} Zy(W) = Rg + Ry/[1+(WRC) ] (3.12)
. Zp(w) = WRC/[L+(wRC) A~ - (3.13)
IS

Then, the admittance is given by
I{:
g

YW = 1/2(w) = 29/(2)2 + 2,%) + 3(2,/(2)2 + 2,21 (3.14)

In the low and high frequency limits, the imaginary part of Y(w)

v
.

- diminishes and the real part becomes
- w=>0, Re{Y(w)} = 1/(Rp + Ry) (3.15)
.‘J
~ w->» , Re{Y(w)} = 1/Rg (3.16)
A
S
Therefore, once the series resistance and the parallel resistance are
-
N determined, the junction capacitance can be calculated from a plot of
o Im{Y(w)} versus Re{(Y(w)} for a given frequency.
"\
b
- 3.5. Thermally Stimulated Capacitance Measurement
1
.* The TSCAP experiment [31]) is carried out by first reverse biasing
;& a p-n junction diode or a Schottky diode, and then the diode is cooled
) down to liquid nitrogen temperature (77K). After temperature reaches
77K, the diode is momentarily zero biase® to fill the majority carrier

-
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’, traps and returned to reverse bias condition, and the temperature is :.'j
' o * _'_.".-‘:4‘
' r‘ﬁ then raised from 77 to 400K. The thermal scan of capacitance versus N
! ORI
I temperature plot is then taken by using an X-Y recorder. A capacitance '%*
S LN
S . : . o B
; . step is observed from the C versus T plot if majority or minority :-,.:-:-3
b Rt
y i carrier emission is taking place in the trap within a certain -j:f»:’:
i temperature range. The amplitude of this capacitance step is directly ST
- . . '
"I proportional to the trap density, which is expressed as
;' OO N, = N3(24 C/C,) {3.17) 1
. L. e,
‘F, .. where C, is the depletion layer capacitance and AC is the capacitance L
. -
change due to the majority or minority carrier emission. Thus, knowing e
. o
i Ng (or Nj) and C, at the temperature where the capacitance step was S_‘:_.,-__:,
observed, the trap density can be calculated from Eqn.(3.17). Note "{\f_\
‘o MRS
7. . . . CSICE.CN
<. that Eqn.(3.17) is valid only for the case when Ny is less than 4.1 (\:._\.::
-\ ..-h
. N3. For the case of large trap density, a more exact expression should _'i.j_",t.‘
. . Y _: N
be used instead. NGISAN
AR S
T :\i\.‘;
‘. NS
' 3.6. Deep Level Transient Spectroscopy Measurement S
~_' -.“ ..
T The Deep Level Transient Spectroscopy (DLTS) experiment is a high RNy
- RN
frequency ( f > 1 MHz) transient capacitance technique, which was -;:-::-'lj
N . . : , e
N introduced first by Lang in 1974 [32]. The DLTS scan displays the é:,.!
a spectrum of deep level traps in the forbidden gap of a semiconductor \?::
o~ ) ) . vy
> as positive or negative peaks on a flat baseline as a function of .’-\r‘
IACAS
. . . . ' DAL A
;2"- temperature. Although this kind of mecasurement is time consuming, it -'n'\';
b AC A
n'e "y
offers several advantages such as sensitive, easy to analyze and ‘__-.j:.::-‘
- . - .u ‘(
fa i TN,
:('_ _ capable of measuring the traps over a8 wide range of depth in the :;:.;_E
Y
b W~ -d
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forbidden gap. By properly changing the experimental conditions, one

0T r B A LA R
b 7
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]
»

can measure the following parameters

&

LARALY =)
K o

(a) Minority and majority carrier traps.

(b) Activation energy of each defect level.

.
.

Pl
.

- (c) Defect concentration which is directly proportional to peak

.

height.

N
- (d) Defect concentration profile.
. (e) Bmission and capture cross sections of electron and hole,
- :

3.6.1. Principles of the DLTS Measurement .:.::j
.. s
s The capacitance transient is associated with the return to : f:\-

A

v thermal equilibrium of the carrier occupancy in a trap level following .
i an initial nonequilibrium condition., The polarity of the DLTS peak
I“.
2

depends on the capacitance change after trapping the minority or

majority carriers. Because an increase in trapped minority carriers in

ho |

the SCR would result in an increase in the junction capacitance, the

e

trapping of minority carriers will produce a positive polarity peak,

e
~ and vice verse. For example, in a p+-n junction diode, the SCR extends
"" mainly into the n-type region, and the local charges are due to
) positively charged ionized donors. If a forward bias is applied, the
E: minority carriers (holes) will be injected into this region. Once the P'
" holes are trapped in a defect level, the net positive charges in such ‘:};?
2 region will increase. This results in a narrow SCR width which implies :‘;2
;.";. a positive capacitance change. Thus, the DLTS signal will have a r;;‘:‘
. positive peak. Similarily, if the majority carriers are injected into -’\E
: this regi'o“ and captured by the majority carrier traps, which reduce \: E
: e te
: - -
N
= 0N
¢ —

“ N
“
e’
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e

the local charges, the SCR width will be wider, implying a decrease of :-:'ﬁ_‘:
S

the junction capacitance., Therefore, the majority carrier trapping ::
A

will result in a negative DLTS peak. Sats
R

3.6.2. Defect Concentration -:’{:.,-j
e

The defect concentration is directly proportional to the peak -

R

height as described before, and the peak height is proportional to the :"f'_:
e

capacitance change C(@). Therefore, the defect concentration Ny is : ‘:,
——— \' o«

\..I‘Il

proportional to C(@) which can be derived as follows: Let C(t) be the EARLE
- K|

PO

capacjtance transient, which is proportional to the electron (holes) ".::
v

emitted to the conduction (valence) band, then jZ-',:',j;

-

3%
C(t) = Alg egINg-Neexp(-t/1)] / [2(«bj+vr+k'r/q)]}1/ 2 R
)

= ol ~ [Npexp(-t/7)/Ngl}L/2 (3.18) 20

r::.' d

v'..-:\d

where't is time; Tis the carrier emission time constant; Co = C(Vr) is £
the junction capacitance at the quiescent reverse bjas condition. '_'.::‘:::
..‘-..!

o

Using binomial expansion and the condition that Ny/Ng << 1, Eqn.(3.18) o,
Sela

S

reduces to a simple form as -
Ol

T

C(t) = Cyll - Nyexp(-t/T)2Ny] (3.19) -:

. <

o

Equation (3.19) can be rewritten as !‘:
-"1 -~

. e

Nyexp(-t/1) = (2 AC(t)/C,) Ng {3.20) j_

e

. N L.

where AC(t)=Co-C(t). After determination of C(@) from the DLTS R0
- 5

Lol

measurement, the defect concentration Nt can be calculated from the t::
. N

LAY

Eqn.(3.20) by setting t=0. However, for the case when the defect :{-'::
' AN
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concentration is comparable or higher than the free carrier

4
YRS

Vg
o

PESS
X

)

Pd

J concentration, EqQn.(3.20) is not applicable, because of its

5

oversimplification. Instead, one must use the following expression

(33]

5

for s

Al

SRR AR
raA
“» v, X
;'f??#
R

2 AC x C( ) = AC2

.

N, = X (Ng= N +Np) (3.21) K

|

[
Ca )
N
a'r e

c?( =)

where AC=C(%)-C(@) and N3~ N + N, is the net donor or acceptor PO

p 2N
‘

¥
X

concentration including the ionized traps. For small Ny and C << C( =)

N

PACA
VN

Lot

3 Eqn.(3.21) reduces to Eqn.(3.20) by neglecting Ac2,

[V o]
&

NP YR AR
,lu.\'
.

. 3.6.3. Activation Energy of the Defect Level
E The decay time constant in the capacitance transient during the
- DLTS experiment is associated with specific time constant which is NI
equal to the reciprocal of the emission rate. For an electron trap,
.. the emission rate eq is a function of temperature, capture coefficient

and activation energy, and can be expressed by [34]

e, = ( 0,V PN/9) exp[(E- Ei)/KT] (3.22)

where E. is the activation energy of the trap, g is the degeneracy

Q factor, o, is the electron capture cross section which is dependent on

. temperature, and is given by

. o'n = o'“ exp(- AEb/kT) | (3.23)

- where ¢ o is the capture cross section at very high temperature, AR,
..d

o is the barrier height of the capture cross section for the trap. e,
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s can be written as : Blody

5N NG

b sod
b.‘ s ™

i e, =B T2 expl [Ec~ (Ec+AE,)1/kT} beoen
%

& - g 2 T

',-;. - = B T° exp[(E.~ E)/kT] (3.24) ;';:.';:

> e

- . . . . . . "J':‘:’.

'.; v, where B is the proportionality constant, which is independent of NN

» S,

F temperature. From this relation, e, increases with increasing the 'T'?

~, e

NN . . . . PO

~ temperature, The capacitance transient is rearranged from Equation e
Y »

LY —_— :\:“"j

" & (3.19) as RN

b

r f’:;:::

. C(t) = C,(Ny/2Ny) exp(~t/T) ;-:;:

-". g )

A = AC(9) exp(-t/t) (3.25) R

A,

where T= en"l is the reciprocal emission time constant,

P

.
v
.. 1
* o
'y ‘s h’
. 4 A

.
4 s a a

The procedure for determining the activation energy of a defect

e

O )
308
A :‘ R Y

level in a semiconductor is described as follows. First, set t; and ty

in a dual gated boxcar integrator, then TN

A C(ty) = C(2) exp(-t;/t) (3.26) '-"r‘:

!
.
<,

- C(ty) = C(0) exp(-ty/1) | (3.27) ko

I\
The DLTS scan along the temperature axis is obtained by taking the Y

a difference of Eqn.(3.26) and (3.27), which yields

;
s
,
Lol

s(t) = C(2) [exp(-t)/r) ~- exp(ty/r)] ' (3.28)

P s
"l'~\
..l.l
Cala

K7

-1

l‘-
n".ﬁ. ry

N The maximum emission rate, T ., = iS obtained by differentiating s(1)

K}

. with respect to T, and setting ds(n)/dt= 0, which yijelds

e eaee
| "'.'.'.'.':.T'v"'i/‘\j

T max = (£ - t3) / 1n(ty/t)) : (3.29)
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CHAPTER 1V
THEORETICAITREATMENTSOF DEFECTS
IN GALLIUM ARSENIDEAND ALUMINUM GALLIUM ARSENIDE

RPON

-

N

The grown-in defects in GaAs and Al,Ga,_,As commonly exhibit
by various characteristics depending on the growth technique and the
growth condition. And, many experimental methods for studying the
deep-level defects are based on the thermal emission of carriers from
the traps within the depletion region of a diode. However, due to the
non-uniformity of electric field in that region, the electric-field
{' enhanced emission rate yields a non-exponential capacitance
" transients. Furthermore, for Al,Ga;_,As, hydrostatic. pressure or
i incorporation of aluminum atoms changes the position of conduction
band minima, which results in more complicated carrier emission and
o~ capture transition associated with each conduction minimum and trap.
p Therefore, to identify the most probable physical origins of the
&

EL2 center in GaAs and the DX center in Al,Gay_,As, the following

AL

subjects were carried out in this study:

(1) The thermal kinetic reactions in three different kinetic

e |

processes for MOCVD and VPE grown GaAs (section 4.l.1

through 4.1.3).

| -]

(2) The electric-field enhanced thermal emission rates with four

e

different types of potential well for the EL2 center in

MOCVD grown GaAs (section 4.1.4).
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(3) The electron emission and capture transition associated
with three conduction band minima for the DX center in MOCVD
and LPE grown Aleal_xAs (section 4.2.1 and 4.2.2).
(4) The electric~field enhanced thermal emission rates with
Coulombic and Yukawa potential well for the DX center in

MOCVD and LPE grown Al,Ga;_,As (section 4.2.3).

4.1. EL2 Center in Gallium Arsenide

In order to predict the physical origins of the EL2 center and
the dependence of its density on [As]/[Ga] mole fraction ratio for
the MOCVD and VPE grown GaAs, three different kinetic processes will
be considered [40]. In the growth process, vacancies, i.nterstitials,
and the antisites are likely to form at high temperature under
thermal equilibrium condition. In the cooling process, Ga-vacancies
may pair with As; or As,., or the four nearest Aspg may cling to Asg,
to form the EL2a or EL2b electron trap. In the annealing process, the
EL2b level may be annihilated, while the EL2a level is created for T >
500 °C. Finally, to determine the charge state of the EL2 center, the
electric field dependent emission rate of trapped charge is studied
for the different types of potential well; namely, the Coulombic well
which has a positive charge state when empty, the Dirac well, square
well, polarization well and dipole well which all have a neutral

charge state from different physical origins.

4.1.1. Growth process

In the growth process, we will consider the defect

formation under thermal equilibrium only for the As-rich
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condition (i.e., r>1, where r is defined by Eqn.(4.1)).

) (a) MOCVD grown GaAs epitaxial material

In MOCVD grown GaAs, we will consider the case in which arsine
- (AsH3) and trimethylgallium (TMGa) are used as sources for As and Ga,

respectively. If the initial mole fraction ratio of arsine to TMGa is

P

Y s T AT ATA TS PN B B e ). A S

)

equal to r, then

R B
-‘)

w "
1]

¥

i,

¥

temperature. In general, arsine will decompose into As,(g) during the

-’

A [AsH3]/[Ga(CH3)3) = ¢ (4.1)

4 ——

; ;:,; where the square bracket in Eqn.(4.1) represents the mole fraction .
? {; of arsine and TMGa gas. During the crystal growth, arsine will -:..
. :f' decompose into either As,(g) or As,(9), depending on the growth -
’

‘¢

i

)

; epitaxial growth if the growth temperature is below 1000 Oc, whereas -\ﬁ::'

. DO

' - arsine will decompose into As,(g) in the melt growth if the growth ‘.‘,'.'

oA s

) ) >

: temperature is above 1400 Oc. The growth temperature for the MOCVD -

! !'.' process is usually below 1808 °C, and thus the reaction of arsine can

o

;: be written as

oo

po

F S

g - AsH3(g) = (1/4)As,(q9) + 3/2 Hy(9) (4.2) "

R The chemical reaction equation of As,(g) and TMGa can be described by OGN

S ONK

5 of r*

| Ga(CH;) 3 + (1/4)Asy(g) + (3/2)H5(9) A
e

N i

SRS = GaAs(s) + 3CHy(q) (4.3) OO

"o ';:(

- \'

" c. . . . ] .

fe s During the deposition, the formation of native defects may be "E:

.'N . explained by the following reactijons under As-rich condjtion :"- :_
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: N
n— (1/4)Asy(g) = Aspg(s) + Vg, (4.4)
:.'
<
! (1/4)Asy(g) = As; (4.5)
? (1/2)As4(g) = Aspg(s) + Asg, (4.6)
\ Using the law of mass action in Egns.(4.4) through (4.6), the
o
concentration of Vg,, As;, and Asg, can be expressed, respectively, by
~
s
.o 1
Vgal = k; /4 . (4.7)
.lb‘ ' 1/4
: (As;] = kyr (4.8)
] -
[Asgy] = k3 £Y/2 (4.9) A
o . I
] (b) VPE grown GaAs epitaxial material R
N
. In the VPE grown GadAs, if arsine (AsH3) and gallium chloride }_?_E:_:
o A
i {GaCl) were used as sources for As and Ga, respectively, then the OO
Y Al
. initial mole fraction ratio of arsine and gallium chloride can be .:‘_',_\:.:-
- _ AN
expressed by RN
. F..q“'n’..
. P A )
e ;:‘:\"::.
[AsH3]/[GaCl) =« (4.10) W
5
al
™ The reaction of As,(g) and GaCl can be expressed by
s GaCl + (1/4)As,(g) + (1/2)Hy(9)
b = GaAs(s) + HCl(g) (4.11)
o
" During the deposition, As atom will be deposited on As sites, As
Y
! interstitial sites or Ga sites according to Egns.(4.4) to (4.6).
1 Thus, the concentration of Vgar ASjs and Asg, can be expressed by
“
e T R R R O e e N S e e N
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Vel = kg £¥/4 (4.12)
[as;] = kg £/ (4.13)
[asg,] = kg £Y/2 (4.14)

From Egns.(4.7) to (4.9) and (4.12) to (4.14), it is noted that for
the MOCVD and VPE grown GaAs, the density of both Vga and As; defect
varies with r1/4, whereas the density of As antisite defect is

proportional to rl”2 guring the growth process.

4.1.2. Cooling process

During the post growth cooling process, formation of the most
probable native defects for the EL2 center can be explained via the
kinetic reaction equations given as follows. The As antisite defect

{9,10] can be formed from Vga and As;, which is written as

As; + Vg, = Asg, (4.15)

The Asg,-As, defect cluster [236] may be created when As,, pairs with

its four nearest As,,, which is expressed by

Asg, + 4AsAs = AsGa-As4 (4.16)

The Asg,-V,o defect complex (11,35] may be formed by V., pairing with

its neighbor As,,, and is given by

Using the law of mass action in the reaction equations given above,

the Asg,, ASg,-Asy and AsGa"VAs defect concentration can be expressed,

r
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* respectively, by

¥ o] = - el

- Sgal = Ky [Asj] [Vg,] = K"t (4.18)

- [Asg,~Asyl = Ky, [Asg,] = K,'r1/2 (4.19)

\ [Asgy~Vael = Ko [Vg,) = K "rl/4 (4.20)

:- Equations (4.18) and (4.19) predict that the concentration of [AsGa]

f antisite defect and [AsGa-As4] defect cluster is proportional to -

2; rl/z, while Egn.(4.20) shows that the concentration of [Asga-Vas) ;

= antisite complex varies with /4, S;

- Figure 4.1 shows the plot of EL2a and EL2b trap density as a ::.\

i function of [As]/[Ga] mole fraction ratio calculated from Eqns.(4.18) =
through (4.20) along with the published data [3,11] and our i

;; experimental data for the MOCVD grown GaAs. results show that for As- %
rich condition, -the EL2a trap may be attributed to the Asq, -

o antisite defect or the Asg,-Asy complex with its concentration

:f being proportional to rl/z.On the other hand, the EL2b trap may be

" ascribed to the As antisite plus As vacancy complex with its

?? concentration being varied with r1/4. This prediction is consistent

- with the experimental observation for the MOCVD grown GaAs ([37].

~

" 4.1.3. Annealing Process

E: The EL2a level may be formed from the EL2b level via high

» temperature thermal annealing. This is due to the fact that EL2b trap

may gain sufficient thermal energy during high temperature annealing,

. and then decomposes into Vga and Asp  according to the inverse
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reaction of Eqn.(4.17) if the annealing temperature is higher than 500

A
~ .
}: :E %. an Asq, antisite defect will be formed when a Vga Pairs with the
.
. As; site, according to Eqn.(4.15). This is supported by the
L,
N experimental data of Taniguchi et al.[38] and Day et &l1.[39], which

Jir'v

showed the outdiffusion of one of the host atoms, probably Ga,

resulting in a vacancy or vacancy complex observed in the MBE and LEC

grown GaAs materials.,

4,1.4, Potential Well

As discussed above, the most probable physical origin for the
EL2a electron trap may be ascribed to the Asg, defect or Asg,~Asy
cluster, and the physical origin of EL2b trap is attributed to the
As,Vag complex. The charge state for these two electron traps may
be unveiled if the type of potential well for each of these two traps
is known. This can be obtained by analyzing the electric field
enhanced emissioh rates deduced from the nonexponential DLTS spectra
for the EL2 electron trap. Table 4.1 [40] summarizes four different
electric field enhanced emission rates by taking into account the
three-dimensional Poole-Frenkel effect and phonon-assisted tunneling
effect, For example, the electric fineld enhanced emission rates for

the Coulombic potential well can be expressed by [41]

2T /2
ennc’eno = {1 S S sin(®)exp( AE;/kT)d d¢
(o] (o]
2 /2 (Eyj=AEq;) /KT
+ sin(0) 40 d¢ 1/4n}+
(o] (o] (o]

exp{z-23/214 (20*) 1/2 (x1) 3/2/3qnF]
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x (1~ (A Eg;/2k1)5/3]} a2 (4.21)

where €no is the emission rate at zero electric field. AEy; is the

Poole-Frenkel barrier lowering due to the external electric field.

1/2

e, ;= qlqFcos @) /egg) r and F is the applied electric field. The

first term in Eqn.(4.21) is due to the three-dimensional Poole~Frenkel

- effect, and the second term is due to the phonon-assisted tunneling
effect. Since the electric field varies with position within the
:'_ depletion region of a reverse biased p-n junction, the emission rates
-

are not constant within the depletion region. The DLTS spectrum due

a &
PAFSEY

.
-

to the field dependent emission rates can be expressed by

i S(1) =I exp(-e,;t,) -I exp(-ey;ts) (4.22) .:
EN Figure 4.2 shows the calculated enhanced emission rates versus '_-..':t
N,
* N
electric field for the EL2a electron trap in GaAs, for four .

“h

s

different types of potential well (i.e., Coulombic well, dipole well,

Dirac well, and polarization well), The results show that even though

A

the various potential wells exhibit quite different electric field Y

. PRI
A S S
i .
AR
‘s A M

= enhanced emission rates, determination of the type of potential well NN N

.. : ot

for the EL2 level in GaAs is still far from clear. This may be due to \‘::

‘e AN
.:.. the fact that the electric field in the defect potential well ijs L

e |

. strongly anisotropic., Furthermore, the theoretical calculations for :.~:¢:2

o RO

- the electric field enhanced emission rates are based on continuum _;k,?

o,

. . KON

? built-in electric field in the depletion region, which is not ;'1.‘;_":'

t . —

appropriate for a real case. et
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4,2, DX center in Aluminum Gallium Arsenide
In AlGaAs, it is known that the shift in the conduction band
minima, namely I, L and X, caused by substitution of aluminum atoms
into gallium sublattices, makes the electrical and optical properties
of that system strongly dependent on the aluminum composjtion.
Consequently, in order to identify the nature of the DX center, it is
necessary to correlate the electron emission (capture) from the trap

center to the conduction band structure.

4.2.1. Electron Emission and Capture

It is well established that, for Al,Ga;_,As, the Ll'intervalley
energy FErp in the conduction band changes with Al alloy composition
or the hydrostatic pressure. In order to identify the natures of
electron emission and capture with respect to the conduction band
minima, let us correlate the DLTS experiment and the capacitance
measurement performed at low temperature.

In a typical DLTS experiment, the electron thermal emission rate
e, from a trap level to the nqn-spherical conduction band minima can

be written as (Eqn.(3.24))
e, = B T2 exp{[Ec~ (Eg+ AE,) 1/xT} (4.23)
B=3.26x1021g_ 0® 1 (my"/me) %3/ (m"/mo) 1/2) exp @ /k) (4.24)

where Egq= Eto— aT is the activation energy of the trap; a is the
temperature coefficient; %= a:exp(—AEb/kT) is the thermally
activated emission cross section with barrier energy A Eyi 9, is the

* .
degeneracy factor; md* and m, are the effective masses for the
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N b
! .' ';-\-';.:"1
N density of states and conductivity, respectively. From the Arrhenius ';::’,':,
oo B Y
NN : LA
§' o plot of Eqn.(4.23), one can determine the values of (E.-(Ey;+ 4E,)] :;E;:j
o . .
' F and B, Again, one can determine the values of each argument of the e -,,é
LA Wil
_3 »” exponential term in Egn.(4.23) separately using the temperature :::E‘;
; SN
: RN dependent electron capture cross section, which also results from the -2-':;:
% - \ 4 A
» & -
\ -
same DLTS spectra as follows: =t
- -::'-::"-j
b '_:: A series of DLTS peaks at a given temperature can be obtained by Z-::Z-::j
* - ;- .'. u
“ -.'.-.1:_-«4
N varying the trap filling time t,, which yields the saturated peak AC( \:‘, ::
. PRh Y
i @) at a large value of t_.. Then the electron capture constant c is
1: expressed by [31]
N
-~ £
o Ac(tc) t“— e g
'. 1- = exp(-ct.) (4.24) A
AC (o ) Ry
"~ From the temperature dependent capture rates measured by changing the
g peak temperature of the DLTS spectrum, one can determine the energy S
: barrier for electron capture by the following equations. A
< T
-:' - '-\ '- ._'.-
c = 0.8V’ No (4.25) Tl
H P_‘-“-"
s o0 :'.":\'.'
N . = o exp(- AE/kT) (4.26) PR
AN
R ot
& Now, in order to determine the defect parameters by capacitance- "; ';
- voltage measurement performed in low temperature ( 100 K) range, let '-f'.j-',.
. us consider the one dimensional band diagram for the reverse biased n- o
e,
. . N
rj type Schottky barrier structure. The quasi-Fermi level E¢ intercepts ‘.,L.‘.' :“
. the trap level Ey (measured from the T minimum) at a distance d :.,
.\' ) . -.""..
-~ from the metal-semiconductor interface at x=@. If the depletion et
T S
™ - d
-_-\
= '_\"\‘.:
AL
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region is divided into two regions, then in thermal equilibrium, the

e

trap is empty for 9<x<d, and is occupied for d<x<W. This is true if

e )

the shallow donor impurities in the delpetion region are fully ionized

in the depletion region. Thus, the total density of ionized char es is

o
", i Ng+ Ni for 0<x<d and N4y for d<x<W. Now, let the band bending energy at
. :..-
x=d be qV[, which is independent of bias, then the ionization energy ’_5_._'
o) .:,‘.:_:
of deep-level defect center is [42] :.-._‘.-
. -— S
."'
. _ ‘-'J
7 Bgg =Q Vg, + Ef (4.27) .
~ ¢
~ Integrating the Poisson's equation yjelds the excess voltage Vo y
‘.-c . e
* associated with the trap density N, for 0<x<d as '.: .
o [
i Vol’? = a (eq Ny22Y? (¢, 71- D) (4.28) '
::"Z : where C_ =€ A/W is the measured diode capacitance, C;=¢ A/L, and A is
3 the diode area. V can be determined from a set of C-V measurements r,; o
n . _'-:.'-J.\;
i} performed when the traps are full for 0<x<W and empty for @<x<d., If v‘_:-‘_:',-‘_ﬁ
e RN
- CS(V) represents the depletion layer capacitance when the trap is ,':3
filled with electrons for B<x<W, then ‘—-'4‘
B i
v, = ¢ ~2(av/dc."?) (4.29) TR
L L s . A
5 W
& According to Eqn.(4.28), a plot of Ve'l/ 2 versus Cw'l yields accurate ?-—!
-\..-' l.
values of C; and Ny. Finally, EQn.(4.27) gives the activation energy \
of deep-level defect at the measurement temperature. -
l‘: i—p’f.
™ A comparison of the activation energies obtained by both C-v "“,!\
‘:"-:‘:\
. (E¢) and DLTS measurements ( E ) shows a considerable djfference ‘_-f-}}';
- . ".'::4’.'
" between these two ~data. This indicates that the final states of the -‘;:-‘;'..-:
s -d
B
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emission transition cannot be in the I' minimum which is the lowest
conduction band for the Al composition up to 40 %, Instead, it has

been shown that the electron emission transition from the DX center is

associated with L minimum ([18]. Thus, the energy difference between

the T and L conduction band minima and the ionization energy of

shallow “onor impurity associated with each conduction band minimum

can be used to identify the nature of DX center in Al,Ga;_,As. This is

discussed next. o

4.2,2. Ionization Energy of Donor Impurity Associated with Conduction
Band

The measurement of Hall coefficient as a fuﬁction of Al
composition and hydrostatic pressure enables us to determine the
activation energy of shallow donor level associated with each
conduction band minimum in Al,Ga;_,As. For the electron distribution
involving all three conduction minima ( I, L, and X), the Hall

coefficient Ry is expressed as

1 op + (uHL/uHP )zaL + (uHX/uHI‘ )Zax

en ( ar + (uHL/uHI- ) a, + (uHX/uHI‘ ) Qx]z
*
= R py/en (4.39)

where, @;=n;/n (i= T,L) is the fraction of the total number of
electrons in a particular minimum and My; is the Hall mobility in this
minimum., Equation (4.3¢) indicates that if more than one minimum is
associated with the electron distribution, n is not simply equal to

* . .
l/RHe, but rather to R H/RHe. The density of electron in each

et AT e T T T T P P N
'.'.‘."'J‘\."' NN, N I’.‘; SRS 4K

ats e PN LI I L O

R L _\. XY
PR YA SN SO N e e e Catn Ca Vel L,

[4
[d

el
N
‘51.;-'%

a‘-;- ARARE
3

P XX
AR AN

4
P

N wre
AN
L AR ’
’A’f"v.(."
"..'."ﬁf"

4

249
o

':.“"-"J

N

LA




g ~ v e b AR AN AV LN A A R el AN AR g g g a9 ol atn SN e SHE I AL SO gL NL I S LR AL St At L S i
LSl S el St W W N A i et ot ang tl aNCANL UL AN T A T S A e LA AR AT, N

_REEEl:‘t ¥ Lo S S O R At A AA T Rt Tl i S R P TR R A T - - A 'n

R - *-'-&.I-‘-‘.'—'_ . - . . o ™,

s W

41

conduction band depends on the relative position of the band and

o

* . .
temperature; and R y is a function of pressure, composition and

temperature,

/2
Lol

Using Boltzmann statistics for the nondegenerate case and

* . .
parameters given in table 4.2, R can be separated into a function of

composition ratio and of pressure, respectively [44]. Then, the

'.'.4
N

e contribution of freeze-out effect to the Hall coefficient for each

,
o "' :’l D"‘l". '
o,

conduction minimum, that is, the value of activation energy E3 can be

'
N
4
Y

‘g determined from the following equation provided that all electrons are

ot
L

h . . '..'-

Y

A

resided either in T or in X conduction band minima,

«
R
F;

n(P) L4RN_+ [ (1+RN,) Z+4R (Ng=N,) 1 1/2

i

‘r't‘;ﬁ N"V e

i = . - (4.31)
n, 1+R(P)Na+[(1+R(P)Na)2+4R(P)(Nd‘Na)]l/z

0

UL
AN
R
l‘ l. ,"

where R = exp(Edo/kT)/BNco, R(P) = exp(E4q(P)/kKT)/N,(P), P is a

A
'\ ;- )
o Ay

hydrostatic pressure, N, and Ny are acceptor and donor concentrations

74

which are independent of pressure, N, is the effective density of

- I LAl Tt -, A o P RS VN am
PN OSSR RRARE A rd LA o LU N TR R e T T T
P
¢

. conduction band states which is dependent on temperature and pressure,

.

and B is the impurity spin degeneracy. The donor ionization energies

calculated from the lowest donor level to the lowest conduction band

minimum as a function of pressure for the Sn doped AlGaAs are shown in ','.t.{{j
Fig.4.3. Up to 9 Kbar, the donor level associated with T minimum is gg
T

the lowest, while in the pressure range of 9 to 24 Kbar, the donor Tt
level associated with L minimum becomes the lowest., At pressure higher 3
NN

. . . ¥ -

than 24 Kbar, the lowest donor level is associated with X minimum, Y,
The donor ionjzation energy as a function of Al composition can .';j.ﬁ.j-:
AN

be evaluated by using the temperature dependence of electron ,.;::,::
~ -
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Mlh Table 4.2. Electronic band parameters for Al,Ga,_,As [43]. s
:{ ‘:-4 = - \j .
\J ' — ‘-“’
i L, Dependence Parameter Al,Ga,_,As £
o r X
Fa Eg = 1.424 + 1.247x (0<x<0.45) L
. e
>, -, '_«"_.'
P Bandgap 1.656 + 0.215x + 1.147x2 (0.45¢x<1) s
VY Energy oy
i (eV) Eg- = 1.708 + 0.642x -
v :* ':S:'._"‘-
A Eg = 1.900 + 0.125x + 0.143x2 e
s ALUMINUM & N
3 - Density — - - MJ = 0.067 + 0.083x PR
v :; } of States O
Effective Mk = 0.56 + 0.1x .
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:: £ ..r,.a-:
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. e Conductivity .ff::::f
| 5 Effective Mok = 0.11 + 0.03x -
o Mass .‘;.:.x
R X _ et
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concentration to the Boltzmann distribution factor for the each

conduction band minima,
exp(—Ed/kT) = n(Na+n)/[(Nd-Na) Nc] (4.32)

As can be shown in Fig.4.4, up to 25 % of Al content, the donor level

associated with T minimum is the lowest, while in the range of 25 to

52 % of Al content, the one associated with LL minimum becomes the

lowest. For Al content larger than 52 %, the lowest donor level is

associated with X minimum.

4,2.3, Potential well

It is necessary to study the electric field enhanced emission
rate in order to determine the type of potential well for the DX
center, as discussed in section 4.1.4., Among the various potential
wells, a special attention will be paid to the Coulombic potential
well and the Yukéwa potential well since both kinds of potential well
are predominantly responsible for the electric-field enhanced emission
rate in the electric field range of interest (104-106 v/cm) [51].

The Yukawa potential [41] is a modified Coulombic potential which
includes the effect of screening of charges by surrounding electrons.

In the presence of an electric field, the potential is given by
V(r) = -q%exp(-r/Ry)/(4T g €,) - QFrcosg (4.33)

where R, is the shielding length, which will be treated as an
adjustable parameter. To describe the Poole-Frenkel lowering and the

phonon assisted tunnelling, one must find the point of maximum
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. potential by solving the following equation numerically.,
> 2
4 q exp(-r/R;) [1/r°+ 1/(rR,)]1/(4T €,.€,) = Fcos8 (4.34)
';1 As expected, the total electric-field enhanced emission rate
obtained by adjusting the screening length shows that the effect of
phonon assisted tunnelling is more predominant than that of the
o, Poole-Frenkel lowering effect at high electric field, as is shown in
Fig.4.5. This means that the deeper the defect level is, the more
; 3 important the tunnelling effect is. As for the DX center,
[

nevertheless, which has a smaller value of activation energy than that

of the EL2 center, both the Poole-Frenkel and phonon-assisted

e o e

tunneling effects must be considered simultaneously.
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] CHAPTER V
N : RESULTS AND DISCUSSION

The physical origins for the EL2 center, which is one of the most

5!

important electron traps in GaAs, will be discussed in section 5.1.

.
1

48, !

-

The type of potential well and charge state for the EL2 center will

v
L]

also be determined by comparing the calculated DLTS spectrum with the

LV IS 5 VT AR AL CANNA TR S Ju SRR T
:“{

h'.'- .\J

experimental data. In section 5.2, to understand the nature of

electron emission (capture)‘f}:om the DX center in Al,Gay_,As, the

Tas

final transition state of conduction band will be discussed. In
N addition, a prediction on the type of potential well and charge state
- :

will be made based on the experimental results of low temperature

' capacitance-voltage and DLTS measurements. ::.:_
ERCA

.'_ A '.\
- 5.1. Physical Origins of EL2 Center e

. e
k It has been shown in the previous chapter that the EL2 center may i-
‘ i
L be ascribed to two different types of native point defects. One is - "-j::j
- designated as the EL2b (E,-0.76eV) electron trap, and the other is .

denoted as the EL2a (EC—B.SBeV) electron trap. The physical origin for

e f

the EL2a trap is attributed to the arsenic antisite (Asg,) defect or

arsenic antisite plus neighboring four arsenic (AsGa—As4) cluster,

I e

a Y
A whereas, the physical origin for the EL2b level may be attributed to Fm“?
.":'(':\l:'
the arsenic antisite plus arsenic vacancy (AsGa-VAS) complex., Based r_.j:.;f_.‘
S
on this model, the dependence of the density of EL2a and EL2b f-':'.::'.'-'
= ' 48
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5 ‘ electron traps on the [AsH3]/ {TMGa] (= r) mole fraction ratio jin the :EE&E‘
Ej % MOCVD and VPE grown GaAs is established. The result shows that EE-‘
bj > density of EL2a trap is directly proportional to the mole fraction ;?‘ ‘
4 ;

i: &‘ ratio of rl/ 2, whereas, the density of EL2b trap varies with the mole B :-
% \,- fraction ratio of r1/4. This prediction is supported by the E
W :f experimental data for the MOCVD and VPE grown GaAs (see Chapter VI). R
A Fiture 5.1 shows the theoretical calculations of the DLTS ‘—:_J:
.’r:, s spectra for the EL2a electron trap, for the case of Coulombic well, ,'E"
. '.-"‘E Dirac well, square well and t';he polarization well, respectively, as “:/
B well as the zero electric field case. A comparison of the measured :E:-j

.- DLTS spectrum with the calculated nonexponential DLTS spectrum by :E'::-'E

- taking into account the electric field dependent emission rates ,::\-'3

m
4 !
ok

reveals that the best fitted potentijal well for the EL2a trap is the

D Coulombic well with a double-charged state, as is shown in Fig.5.2.
N .
Therefore, the most likely physical origin for the EL2a trap is e
" q
L ascribed to the double-charged AsGa++ antisite [40] or its cluster ’ﬁ:,
. BN
- with Asy. Value of the capture cross section (q,)) for the EL2a trap ::‘\':-:J
: PR
was assumed equal to 8x10~14 cm? [4]. This value is comparable to AT
[ |
= our measured capture cross section of EL2a level for the MOCVD grown '
Gaas ( 10713 cm?). " :';.;
s R
Dy T
A 5.2. DX Center and L Conduction Band Minimum r-
g - N
bt Low temperature C 2 _ v data for the Sn-doped Aly 3Gay 4As are AL
- L4 L] .. f
e S
shown in Fig.5.3, A sufficiently large reverse bias was first applied ;::::.;
')n' . AR
l.‘ : ] . F‘
v at room temperature when the DX center is fully ionized for 0<x<d. =~
~.\ -‘:
o The reverse bias was then decreased to a forward bhias at a low .",:l__::j
S
2 RO
.':\‘:'.
. - vd
N
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R 300 - 350 400
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Ca)
v Figure 5.1 Ssimulation of the DLTS spectra for the EL2a electron

trap, assuming Coulombic well(l), Dirac, square, and T
. polarization well(2), and for zero electric field ,::,..\-
i case(3) . 5
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/ 3 ST #
i temperature such that the DX center was filled with electrons. After ﬁ‘
’\ - = _‘n"l
:: a that, the reverse bias was increased again, At around 77 K, the DX f-‘-?"z'
’ . c\‘ f{:' Y
O S center remains filled with electrons everywhere in the depletion : 4
4 "1 region. The excess voltage, V, is shown in the figure. The Fermi level
$~ E¢ in the charge neutral region can be determined by
PR -
E.- Ef = kT In (N/Ng) (5.1) e
I AL
> R
where N, is the effective density of conduction states in the T N
—_— LG
. P
- conduction band. o
¥ ' o
The value of energy barrier, AE, for electron emission can be -"_
. ..'-.._‘:
" determined from the slope of capture rate versus inverse temperature ,:f-i:-
- (see Eqn.(4.26)). It was found, however, that it was rather difficult *::
E to determinie accurately the energy barrier for our samples due to L:C':' '
\.:“. X
-~ the presence of another defect level which is located very closely.
2 i
The adjacent deep-level, whose density is much smaller than that of o
= ' Ry
’ the DX center, might have affected the transient signal of the DX \-‘_.'-ﬁ
b ,“'h:‘_-
.. center significantly. Hence, the activation energy, E.; was determined :’,
."'. :x'}:)
. using the published data of 0.02 eV for AE, [42]. s
—f
bz By comparing the experimental results of activation energies, -
” ) .
- ! l\
E¢o obtained from the low temperature capacitance-voltage measurement . \
)
) . L BN
:w and Ee1 obtained from the DLTS spectra for the DX center, it is found ;:
b o
NN
. that there is a difference between these two activation energies. This N
I: .':\:\
% difference in activatijon energy can be explained if it is assumed that ;:-::
LS
N . . Ll
&'. the emission of electrons from the DX center is related to the higher é:{“
i ) =
band than the T minimum in the conduction band. From the conduction '_f-’.}-
- ' o . e
j~; band diagram as a function of Al composition (Fig.4.4), one can ;--.::
. s
- . 4
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. easily see that the energy separation of T -L minima is only slightly
; ) larger than the value of Ey1- Egpr as is shown in table 5,1. Hence, it
x
, e is believed that the final electron transition state from the DX

& center is due to the L minimum, within the allowable experimental

error.
:r\ .
X Figure 5.4 shows the measured DLTS spectrum for the Sn-doped

Alg 1Gag 4As and the calculated DLTS spectra by assuming that (1) the

type of potential well for the DX center is the single-charged

N Coulombic or Yukawa potential, and | (2) the electron emission from the
DX center is related to the L conduction minimum. It was found that
the calculated DLTS spectra can be fitted nicely to the measured data,
provided that the screening length R, for the Yukawa potential is less
than 100 a°. It is, therefore, concluded that the DX center emits
electrons to the L conduction minimum instead of the T minimum, and

it has a single and positive charge state.

5

The activation energy of the DX center has been found to bhe

::\'_ .

- BRoRd
, dependent not on the amounts of incorporated aluminum atoms but on the -:::\_:
o e
~ kinds of doping impurities and growth techniques. Moreover, its AN

1

B concentration and capture cross section have shown strong dependence E:‘E;g
A on the growth condition, e.g., ratio of arsine to trimethylgallium and :iq’.a:
§ growth temperature. It is worthwhile to note that there is a certain :‘E
» trend in which the activation energy of the DX centers with group IV z—;:é
"..": impurities decreases as the mass of the group IV impurity increases, \E';,
N

,: while the activation energy of the DX center for group VI impurities :x’éf;
are remains constant with value of 8.28 eV as has been shown in j::

» .

.:;; | table.2.2.
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AP N RGN 4 ‘."\'P‘-’.'.',.\-",. \Jj LS \-{.\.‘:\-.\.."..').:\ -\'{\..Hi\ ‘;‘j:’:\‘h‘-'!’



PaCa of —‘.f,’_.'_f.’:‘f_r?.’ T XTI F XL S FTFA -"_‘.-':

4!

55

4
.}-

Ny

Based on the experimental and theoretical results so far we

-

.

™ obtained, however, it is still difficult to determine whether the

LR

origin of the DX center is the donor-anion vacancy complex or

subtitutional donor impurity itself. This ambigutiy might stem from

. the fact that the formation of grow~in defect is nonstoichiometric

™ [28].
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- CHAPTER VI

v G GROWN-IN DEFECTS IN MULTI-EPILAYER GaAs

N GROWN BY MOCVD UNDER DIFFERENT GROWTH CONDITIONS

)

¢ | | | .

P Studies of the grown-in defects in multi-epilayer GaAs
: - (with/without a buffer layer) grown by Metalorganic Chemical Vapor
N

i - Deposition under different [AsH;]/[TMGa] ratios, growth temperatures,
f: :-‘.3 and growth rates have been made in this chapter by the Deep Level
E‘_ Transient Spectroscopy method.. For samples without a buffer layer,
Voo

S \-:

two electron traps with activation energies of E.- 0.83 eV (EL2a) and

RENPRE Ty
-~
N

E.~- 8.74 eV are observed, whereas, for samples with a 6um thick

.
A
.

v

buffer layer, only EL2a level is found, The concentration of the

deep-level traps is found closely related to the [AsH3]/[TMGa]

.
.

ratio, the growth temperature and the growth rate (mainly at lower

* 4
.

Ot L EARRAN LI

~ growth rate). The results show that, for samples without a buffer
‘ layer, the background dopant density profile is closely related to the
v deep-level trap density profile jn the epilayers, whereas for samples
, - with a buffer layer, the profile of background dopant density is less
. e
2 influenced by the presence of the deep~level trap. 1ol
E . <
<o 6.1. Introduction R
PRAN Metalorganic Chemical Vapor Deposition (MOCVD) has become an N
e F
,'r- important technique for the growth of GaAs epitaxial layer because of _-:_.'_-:.',
VN
x . RS
: jits ability for large scale production, precise thickness ;::
f L RONN
" controllability and excellent uniformity in the grown layer [45], E';s_'ui
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However, grown-in deep-level defects observed in the MOCVD GaAs are
different among samples grown under various growth conditions, It
is, therefore, important to investigate the grown-in defects versus
growth parameters in MOCVD GaAs so that optimum growth condition can
be achjeved. This is essential for improving the performance of
optoelectronic, microwave as well as very high speed devices
fabricated from GaAs material,

The goal of this study is to correlate the depth profile of the
dominant deep~level defects to various growth parameters in the
unintentionally doped multi-epilayer GaAs grown by MOCVD. Mole
fraction ratio of arsine and trimethylgallium, [AsH3]/[TMGal, growth
temperature and growth rate are the three growth parameters usec
this study. In addition, the effect of buffer layer and the out-
diffusion of impurities from the semi-insulating (S.I.) substrate on

the epilayer property is also investigated.

6.2. Experimental Details

The samples used in this study were summarized in Chapter III
under virious growth conditions. Deep level transient spectroscopy
(DLTS) technique was used to determine the deep-level defects in the
GaAs epilayers using Au-GaAs Schottky barrier structure, Profiles of
the “eep-level defect density were determined by using djfferent
reverse-bjased pulses (up to -20 V) and the expression [31]

q W2 N (W) Np(Xo) 6 (aC/0)

Np(Xo) = (6.1)
T €5 €g GVC
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where W = [2g(V,;~ Vg~ kT/q)/aNpl /2 is the depletion layer width

4

Eg :: at the quiescent reverse bias. X, is the value of X at the depletion
Mo edge of the n- region during the clear pulse. Np(W) is the density
i [:,; of donor impurities at W, Np (Xo) is the density of donor impurities
: ) at X,, and V. is the magnitude of the clear pulse. 8V, is the
s

Lo

" change in V, to cause a change in X, (a typical value of 6.85 ym).

N

i

To obtain a fine resolution of the deep-level profile, the reverse

'd

.
4

.L“‘. [
1]
R e

bias voltage steps were divided into many small incremental voltages,

_

“p %
R A

ey

and the edge effect was considered.

Ty
th N

h A

6.3. Results and Discussion

SR

Figure 6.1 shows the DLTS spectrum for the electron traps
‘ observed in sample OM-2-296. The E_-8.83 eV level with emission
cross section of 2.1xl@'13 cmz, known as the EL2a electron trap was

N observed in all the samples studied, whereas one additional electron

L. trap, E.-0.74 eV level with emission cross section of 3.1x10713 cmz,
- was detected only in samples without a buffer layer (see Fig.6.2). It :‘\11
> is found, by Scanning Electron Microscopy analysis, that the :'.‘;E‘
:_ initially undoped S.I. substrate was contaminated by Cr-impurities ;\:‘}
:_'.'.. during the process. Cr-level in n-type GaAs is known to have an ;‘:\:-\Ei
- activation energy of @.72 - 0.88 eV below the conduction bandedge ){:;:3
e (46,47]. 1t is, however, difficult to assign the 0.74 eV level to !‘.:‘:-5
Z;:: Cr-impurity itself due to a large emission cross section, Hence, the :\:
A
E.-0.74 eV level observed in our samples is believed to be due to the ':_.-:‘..::.

f:: complex defect possibly formed by the gallium vacancy with Cr-impurity 1{!
e

-~ out-diffused from the S.I. GaAs substrate into the epijlayers [48]. 5:':;:'.“::
2 RN
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L
X For sample with a buffer layer (Fig.6.2.a), it is noted that the ::f{n.j
N =~
S .-."\‘:
':.j >, density profiles for both the background dopant and the EL2a level are ey
T L2 -."n\‘l
M .. . . . . ot
~ very similar in shape, except a small shift and a deviation near the :"E“-‘

'\I\"\"
! !? surface of the epilayer. This is consistent with the results of \‘*l-'
N N e A
" ALY
N Watanabe et al.[l1l] and Bhattacharya et al.[4]. They reported that oy
o e
- the density of the EL2 level was dependent on the [AsH3]/ [TMGa] ratio -gat
? o with a certain proportionality factor depending on the growth
N
:.‘; e temperature. In our samples grown at 675 °C, it was found that the
> AT . . s
Lo density of the EL2a level is proportional to the {[AsH3]/ [TMGa]}l/ 2, :
= L

*
This result is in good agreement with the prediction made in the last \:::g

o~ ,'-J.\
;: chapter., For samples without a buffer layer (Fig.6.2.b and Fig.6.3), 'C""-:i
S
. there is a considerable difference between the intended doping profile .’\:,’f‘_

7 and the actual doping profile due to the compensation by the deep~ '-:::':Zj
5 RS
S level impurities out-diffused from the S.I. GaAs substrate into the -
Y 20N
i: epilayer [49]. Furthermore, it was observed that the density ;'\"‘
- E profiles for the EL2a trap do not follow the predicted trend of iy _\:"
R e
_'.-' - the ([AsH3]/(TMGa] ratio, but conform to the actual compensated e
. - e
b doping profiles.
o For sample OM-2-312 (Fig.6.4), in which the growth temperature NN
R AN
was the only parameter varied, the jncrease in growth temperature ::
- ‘ \
’, ) . . .y , : LS
- raises the arsenic pressure during the deposition of epilayers, which ;\.
in turn results in a more arsenic-rich condition. Therefore, in this f‘,
KX
case, the density profiles of the background dopant and the EL2a level ',::::
,-"\.
o .
are proportional to the growth temperature [S0]. &
In sample OM-2-295, even though there is no buffer layer, no
‘- significant compensatjon effect was observed, and only one electron If-j'.
S -
-y ‘:\
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_‘. trap, namely, the EL2a level was found with a rather irreqular

ry

density profile. This may be due to the fact that compensation

mechanism and the out-diffusion of impurities from the S.I.

FES
. il

substrate can not keep up with the rapid growth of epilayers in this

g" sample.,

:'-' :E: It is important to note that a buffer layer inhibits the
E - impurity out-diffusion from the S.I. substrate into the epilayers,
LN

;_ and consequently excludes the \formation of defects related to the
{:‘ ; ' substrate impurities, Furthermore, the intended doping density

profile for the epilayer can be obtained by growing a buffer layer on

" the S.I. substrate, since this diminishes the compensation effect,

i 6.4, Conclusions
The dominant electron traps observed in our MOCVD grown

multiepilayer GaAs are due to the E,-0.83 eV (EL2a) and the E_-0.74 eV

4

&

£ level for samples without a buffer layer. For samples with a buffer N

l‘ 'l
PR
s 2

layer, only EL2a electron trap was observed. The formation and the

.
. N
o distribution of deep-level defects have been found to be strongly o
influenced by the growth conditions. The density profile of the EL2a
=~
o level in samples with a buffer layer was found to be proportional to
w, {[AsH3]/ [TMGa] }1/ 2 and the growth temperature., Although the effect of
o
' growth rate on the deep-level traps can not be observed clearly in
::: sample grown at a higher growth rate, the out-diffusion of :-_,.‘\-3'.\;
K ~:"\"Q
impurities and the compensation due to the S.I. substrate, however, ‘-"':"ﬁ
'{'; have been reduced considerably. In addition, it is found that adding
LN ."_.'4
. ".“’ "1
S a buffer layer on the S.I. GaAs substrate is effective in preventing :J.-’.?:‘;
- . at
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the epilayers grown by MOCVD technique.
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CHAPTER VII
SUMMARY AND CONCLUSION

A detailed theoretical and experimental study on the grown-in
deep-level defects has been carried in this report, with special
emphasis being placed on the EL2 center in GaAs and the DX center in
Al,Ga,  As. .

A defect model is presented to describe the physical origins of
the EL2 electron trap in GaAs The EL2 level is ascribed to two types
of native point defeects, One is designated as the EL2b (Ec—0.76eV)
electron trap, and the other is denoted as the EL2a (E,~0.83eV)
electron trap. The physical origin for the EL2a trap is attributed to
the arsenic antisite (AsGa) defect or arsenic antisite plus
neighboring four arsenie (AsGa-Asu) cluster, whereas, the physical
origin for the EL2b level may be attributed to the arsenic antisite
plus arseniec vacancy (AsGa'VAs) complex, Based on this model, the
dependence of the density of EL2a and EL2b electron traps on the
[As]/[Ga] (= r) mole fraction ratio in the MOCVD and VPE grown GaAs
was establisheu, The result shows that density of ELZ2a trap is
directly proportional to the mole fraction ratio of r1/2, whereas, the
density of EL2b trap varies with the mole fraction ratio of r1/".
This prediction is supported by the experimental data for the MOCVD
and VPE grown GaAs. From the analysis of the electric field enhanced

emission rates and the DLTS data for the EL2a electron trap in GaAas,
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!! it is further shown that the type of potential well for this trap can
Lﬁ be best described by a Coulombic potential well with a double-
- charged state such as AsGa++ antisite defect.

‘ A correlation of density profile to various growth parameters has
. been performed for the dominant grown-in deep level defects in multi-
o
L epilayer GaAs grown by MOCVD under different growth conditions, The
Y formation and the distribution of deep-level defects have been found

N to be strongly dependent on the growth conditions; the density

o

.

t

profile of the EL2a level was proportional to {[ASH3]/[TMGa]}1/2 and

the growth temperature, as has been predicted in Chapter V. It has

'.‘L' 7

been also found that a buffer layer reduces the effect of compensation

which results from the out-diffusion of substrate impurities into the

.

epilayer. On the DX center in Al,Ga;_,As, the electron emission

»

V‘.‘Y"-

and capture transitions associated with three conduction band minima

have been investigated, along with the identification of its most

=

probable type of potential well and charge state, 1t has been found

TS

that the emission and capture of electrons for the DX center is

linked to the L minimum in the conduction band instead of the lowest-

. ~
g: lying T minimum. The Coulombic or Yukawa potential well with single ?}j‘i
v Oy
charge state is found to be the best candidate for the DX center. :&}h
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